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RESEARCH OBJECTIVES
Research in this group is directed toward experimental investigation of gravita-
tional interaction. At present, no actual experimental work on gravity is going on.
Design studies of the following experiments are in progress.
1. An ultrastable gravimeter has been designed to measure annual variations in
G as predicted by the Dicke-Brans-Nordstrom scalar gravitational theory. The exper-
iment is perturbed by geophysical noise which in itself would be interesting to study.
2. The design and, we hope the eventual construction, of a gravitational oscillator
to be used in a satellite experiment in which the gravitational oscillator is compared
with an atomic clock, as the entire system falls freely toward the Sun or Jupiter. The
experiment would afford a direct check of the strong principle of equivalence.
3. A terrestrial check of the Lense-Thirring calculations for the stationary, but
not static, metric inside a hollow rotating mass shell. It now appears feasible, although
still difficult, to measure the gravitationally induced currents in a superconducting ring.
These three experiments are hard, risky, long-term, and not really suitable as
doctoral research projects for graduate students. The experiments in progress are
more modest.
Work is just beginning on a detector for 1000 p. - 100 . radiation to plot the alleged
3*K black-body cosmic noise spectrum above the black-body peak. The experiment
exploits an idea of Bloembergen, Rafuse, and others, namely, to detect the infrared
by parametric up-conversion. Basic elements of the detector are: a local laser oscil-
lator operating in the visible region, a nonlinear optics mixing crystal, a spectrometer
to separate the local oscillator from the sidebands generated by the infrared, and a
high quantum efficiency photomultiplier. The technique should offer a wideband detec-
tor with low noise; however, it has poor conversion efficiency with existing crystal
mixers used.
R. Weiss
A. LASER-INDUCED RESONANCE FLUORESCENCE IN A
MOLECULAR BEAM OF IODINE
We have been successful in observing a laser-induced resonance fluorescence in a
molecular beam of iodine. Our experiment, which is to appear in Physical Review
o
Letters, exploits a match between the 5145 A Argon ion laser and the ground-state tran-
sition between the X 1 + - B3 + electronic states in molecular iodine. Laser-induced
og uo
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Fig. XIII- 1. The apparatus.
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fluorescence in an 12 gas cell has been reported by Steinfeld.l
The apparatus is shown in Fig. XIII-1. 5145 Alight from a single longitudinal-mode
Argon ion laser is passed through a molecular beam of 12 at right angles. The laser-
induced resonance fluorescence is detected on a photmuliplier located below the inter-
action region. Figure XIII-2 shows the resonance fluorescence signal in low and high
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Fig. XIII-2, Simultaneous recording of cw laser
power and resonance fluorescence
signal as the laser frequency is
scanned over 3400 MHz. (a) Low-
resolution laser spectral width
(100MHz). (b) High-resolution
laser spectral width (25 MHz).
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resolution as the laser frequency is scanned over a range of 3400 MHz. An estimate of
the ultimate width of the observed resonance lines was made possible by a measurement
of the lifetime of the 12 excited state in the beam, and was found to be 3+0.5 Fsec. It is
anticipated, therefore, that the resonance lines should then be ~50 kHz wide. Further
information on the experiment and the data that were obtained will be found in the Phys.
Rev. Letters paper.
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Absorption measurements in an 12 absorption cell, 120 cm long, were also carried
out. Figure XIII-3 shows simultaneous recording of (a) direct laser power, and (b)
laser power after passing through the absorption cell as the laser frequency is scanned
-k x
v
over 3800 MHz. The absorption coefficient kv is obtained from I(v) = I (v)e , where
Io (v), I(v) are the incident and transmitted intensities as a function of laser frequency v,
and x is the length of absorption path. The absorption coefficient is plotted against laser
frequency in Fig. XIII-4. Another absorption line is revealed, which was not seen in the
beam data of Fig. XIII-1; this is 23 times weaker and located 1040 MHz below the center
frequency of the gain curve. A slight ambiguity arises in the region where the scan
repeats (see Fig. XIII-3) because the bandwidth of the gain curve is a little wider than
the mode spacing of the short cavity. The laser power measured in the region where the
scan repeats has contributions from both sides of the gain curve, and therefore tends to
decrease the fractional absorption in that region.
The single longitudinal-mode laser cavity has been described by Smith,2 and con-
sists of a long and a short cavity that are coupled by means of a beam splitter. For
efficient coupling, the two cavities must be mode-matched. A general mode-matching
condition has been given elsewhere. 3 The laser oscillates where the frequency of a
longitudinal resonance of the long cavity coincides with that of the short cavity. The
length of the short cavity is chosen so that only one coincidence lies inside the laser
gain curve. Maximum power is obtained when the center frequencies of the two cavity
resonances coincide. In order to maintain this condition, a servo is used. The length
(0,0)
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Fig. XIII-5. Radial modes of the spherical Fabry-Perot interferometer:
(a) with Argon ion laser; (b) with stabilized He-Ne laser
showing the inherent width of the Fabry-Perot interferom-
eter. (He-Ne laser spectral width less than 1 MHz.)
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of the short cavity is modulated at 4 kHz, and the resulting modulation in the laser out-
put power is detected on a photodetector. A drift of one cavity resonance relative to the
other results in a 4-kHz output signal of definite phase relative to the modulation sig-
nal, which is then demodulated in a lock-in amplifier. The DC output of the lock-in
amplifier is used in a feedback loop to adjust the length of the long cavity so as to com-
pensate for the drift. The long cavity is therefore slaved to the short one.
The spectral width of the laser with this feedback scheme is measured as 25 MHz
by an external spherical Fabry-Perot interferometer 4 of inherent width 10 MHz as
shown in Fig. XIII-5. This 25-MHz width of the laser is due to a variety of causes:
current instability of the discharge, acoustic vibrations, and instability of the reference
cavity (that is, the short cavity). None of these causes is fundamental, and work is in
progress to eliminate them. In particular, we hope to use an external Fabry-Perot as
the reference cavity.
In order to scan the laser frequency across the laser gain curve, the length of the
short cavity is slowly varied by means of a ramp signal applied to the mixer shown in
Fig. XIII-1. The feedback loop adjusts the length of the long cavity accordingly, and
maintains both cavities in tune throughout the scan. The limitation on the feedback sys-
tem is primarily the frequency response of the piezoelectric crystal assembly, to which
one of the long cavity mirrors is attached.
S. Ezekiel, R. Weiss
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B. FREQUENCY STABILIZATION OF 5145 A ARGON ION LASER USING
A MOLECULAR BEAM OF IODINE AS A PRIMARY REFERENCE
The significance of the experiment described in Section XIII-A lies in the possibility
of using one of the resonance lines in a molecular beam of iodine as a primary reference
element in a feedback scheme for the long-term stabilization of the oscillation frequency
of a 5145 iA Argon ion laser. The narrow linewidth, 50 kHz, plus the fact that there is no
Stark shift, because of collisions or collision broadening in the beam, should make it
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possible to stabilize and reset the laser frequency to a few parts in 1013
This program has been started recently and will be the subject of future reports.
S. Ezekiel
C. LASER EXCITATION OF THE 5s-6s FORBIDDEN TRANSITION
IN AN ATOMIC BEAM OF RUBIDIUM
In connection with our program on laser frequency stabilization, concerning the use
of a molecular beam as a primary reference, 1 we have computed all ground- state tran-
sitions for the atoms listed in Moore' s tables 2 without regard to selection rules in the
range 3000 A-10.1 p.. Transitions from easily identifiable metastable states have also
been computed. A listing of these transitions according to wave number, vacuum
wavelength, and air wavelength, in numerical order, giving the atomic number of the
atom and the energy level of the lower and upper states will be deposited in the Docu-
ment Room of the Research Laboratory of Electronics. The purpose of this computa-
tion was to help us find a close match, to one part in 105, between an existing laser
line and a ground (or metastable) state transition in atoms that can be used in an atomic-
beam apparatus.
Our search revealed approximately one hundred close matches, none of which
involved an allowed ground-state electric dipole transition. One of the matches that
was uncovered was between the 4965 A cw Argon ion laser and the 5s-6s transition in
Rubidium. The match 3 is within 1.5 cm - 1 and seemed a desirable one, since atomic-
beam techniques for alkalis are relatively easy, and also laser power of the order of
1 Watt can be obtained at 4965 A. Another attractive feature was the 5 X 10- 8 sec life-
time4 of the 6s state, which means that the linewidth for the transition would be 3 MHz.
The 5s-6s transition in a free Rb atom, as well as the ls-2s transition in a free
Hydrogen atom, is forbidden in a single quantum transition. The electric dipole matrix
element is zero, because of the parity of the levels, and magnetic dipole transitions are
forbidden in the Pauli approximation, since the spatial radial wave functions of the 5s
and 6s levels are rigorously orthogonal. The magnetic dipole moment operator operates
only on the angular part of the wave function. The magnetic dipole transition between
5s-6s states is weakly allowed, however, when calculating with Dirac 4-component
wave functions for which I is no longer a good quantum number. The matrix ele-
ment involves the small components of the Dirac functions, which are of order v/c = Za
smaller than the large components, and the magnetic dipole operator, which is of order Za
smaller than the electric dipole operator. The magnetic dipole moment matrix element
is therefore of order (Za) 6 relative to an allowed electric dipole matrix element. For
Rubidium in the 5s state, Zeffectiv e ~ 9 if it is calculated from the Fermi-Segr6 for-6  10-7
mula for the hyperfine structure, so that (Za) 10 . Since there is doubtless state
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mixing in the Rb atom, this is a lower estimate. At present, a calculation of the
magnetic dipole moment matrix element is being carried out in a computer, with rela-
tivistic Hartree-Fock self-consistent field wave functions kindly provided by Dr. J.
Waber of The Los Alamos Scientific Laboratory.
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Fig. XIII-6. The apparatus.
The experimental arrangement is shown in Fig. XIII-6. Fundamentally it is stan-
dard Rabi-type atomic-beam magnetic-resonance apparatus, except for the C-region.
In the C-region, light from an Argon ion laser oscillating at 4965 A is incident at right
angles to the state-selected Rb beam. The interaction takes place in a homogeneous
DC magnetic field which, by the Zeeman effect, brings the atomic line into coincidence
with the laser line. The laser induces a magnetic dipole transition in which &mj = +1
between 5s, mj = -1 and 6s, mj = +1 states of the Rb atom. The laser magentic field
is set perpendicular to the homogeneous DC field. If an atom undergoes this transition,
it decays back to the 5s state by a cascade of electric dipole transitions 6s - 5p - 5s, and
can end up in the mj = +1 state. These atoms are focussed onto the hot-wire detector.
The C-region is made of quartz and is located inside the laser cavity so as to
achieve greater energy density at the interaction region. The C-region windows are
optical flats placed at Brewster's angle. The Zeeman field in the C-region is provided
by a 4" Varian electromagnet with 1" tapered pole faces. The gap between the pole
faces is 1/4" so that a field of 29 kG can be obtained.
The laser consists of a water-cooled Argon ion discharge tube, 3 mm I.D. and 30 cm
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long, with a coaxial anode and an off-axis cathode. Narrow-band high-reflectivity mir-
rors are used to select the 4965 A Argon ion line which is 10 times weaker than either
the 4880 A or the 5145 A line. The laser is operated quasi-cw with a pulse duration of
500 psec and a repetition rate of 100 pulses per second. This enabled 80-Amp discharge
currents to be achieved without damage to the discharge tube. Peak multimode laser
power at the interaction region was 200 W/cm 2 , and the power spectral density was
0.02 W/MHz/cm 2
Two detection schemes are used simultaneously: one searches for a signal that is
in phase with the laser pulse with the aid of a lock-in amplifier, and the other samples
the electron multiplier output during the laser pulse.
The lack of data, thus far, indicates that the 5s-6s transition in Rubidium is
-6
weaker than an allowed electric dipole by a factor of at least 10-6
The experiment will continue with a single longitudinal-mode laser that is frequency-
locked to an external Fabry-Perot interferometer. The power spectral density is
expected to increase by 104, which would enable us to observe transitions that are 10-10
of an allowed electric dipole.
S. Ezekiel, R. Weiss
References
1. S. Ezekiel and R. Weiss, "Long-Term Frequency Stabilization of a Laser Employing
a Molecular or Atomic Beam as a Primary Frequency Reference," Quarterly Prog-
ress Report No. 80, Research Laboratory of Electronics, M.I.T., January 15, 1966,
pp. 22-23.
2. C. E. Moore, "Atomic Energy Levels," Vols. 1, 2, and 3, National Bureau of Stan-
dards, Washington, D.C., June 15, 1949.
3. Further investigation showed that the energy level of the 6s state in Rubidium given
-1 -1
in Moore's tables was in error by 1.1 cm . This makes the match within 2.6 cm 1
and requires a Zeeman field of approximately 27 kGauss.
4. 0. S. Heavens, "Radiation Transition Probabilities of the Lower Excited States of
the Alkali.Metals," J. Opt. Soc. Am. 51, 1058 (1961).
D. NONLINEAR THOMSON SCATTERING
The advent of a high-power, Nd +++-doped glass laser has made it possible to look
for the nonlinear scattering of light by free electrons. The calculation of this effect has
been done,1, 2 using classical electrodynamics and special relativity. Sengupta 1
derives the scattering, as observed at an angle ( from the incident direction in the lab-
oratory frame, of an unpolarized incident beam of light of frequency v:3
do(2w) 2 2 1 4 3 2
da - r q - (-3 cos 4 -8 cos 4 -6 cos 4+8 cos ~ +9) (1)
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(2)32Tr 2 2 1 3 2l(2) = 5 roq , w= Znvl +-1q , (2)
2
where r is the classical electron radius, and q is a dimensionless expansion param-
2 2
0 Xu
eter, with q = 2 , u being the energy density of the radiation field, and X the wave-
2 wmclength. q is, roughly speaking, the ratio of the energy stored in the electromagnetic
field in a volume swept out by the electron in the course of its motion to the rest energy
of the electron. Several calculations of this effect have also been made, 4 ' 5 using the
Dirac equation and a semiclassical electromagnetic field. The differential cross
section for second-harmonic scattering, as given by Brown and Kibble,4 is
do(2 ) 2 2 1 2 4 3 2
d-- = roq .- (cos 4)(lOcos 4+6cos 4-23cos 2 -8cos4+16) (3)
o(2c ) =- 22rroq , 0 = 2rv 1+-i2(1 -cos') . (4)
Fried6-9 has carried out this calculation, using quantum electrodynamics. His result 7
is
7 22
a(2) = 20-r q . (5)
There are obvious discrepancies between the classical and quantum calculations of the
second-harmonic scattering, both with regard to the angular distribution and the total
cross section. The electron spin, which is not considered in the classical calculation,
7, 9is expected to affect the angular distribution ; however, the large differences in total
cross section are hard to attribute to the spin and, worse still, the two quantum cal-
culations do not agree. We wish to emphasize, though, that we do not believe that this
experiment is a test of quantum electrodynamics; the discrepancies are more likely to
be symptomatic of difficulties in the quantum calculations.
The proposed experiment is shown schematically in Fig. XIII-7. A pulsed electron
beam, derived by field emission from a tungsten needle, is contained by a 35-kG pulsed
magnetic field produced by a solenoid. The electron beam interacts with the 1. 06 -p
radiation of the Nd-laser focused to a spot, as small as possible, in the center of the
apparatus. The 5030 A light radiated by the electron beam is collected by a lens and
bandpass-selected by an interference filter before detection in an S-20 response photo-
multiplier. If the light at 5030 A is adequate, we shall also look for the third harmonic
1 10
at 3530 A. (The theory of third-harmonic scattering has been briefly analyzed. ' 10) The
angular distribution will be measured by introducing circular apertures into the optical
train. The expected number of 5030 A photons radiated into 4rr sterad for a laser beam
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Fig. XIII-7. Schematic diagram of the proposed experiment.
matched in size with the electron beam is given by
p dintEXNp
N(2w) = hc o-(2w), (6)
where E is the energy per laser pulse at wavelength X, din t is the diameter of the elec-
tron beam of number density p e at the interaction region, and Np is the number of
14 -3 -3pulses in a mode-locked pulse train. Using the values pe =3 X 1014 cm dint= 2 X 10 cm,
E= 108 ergs, and assuming the value in Eq. 2 for a(2w) and 10-8 sec for the duration of
a single pulse, we find that q2 = 5 X 10 and N(2w) = 2 X 104. (N(3w)=15.) With 207o
quantum efficiency and Tr/2 collection solid angle, the number of photoelectrons per
pulse would be ~60. (For 3w, around 1 in 10 pulses.) The major noise source is back-
ground light from the laser flashtube that falls in the bandwidth of the interference fil-
ter, since this cannot be rejected by gated electronics. The experiment will be carried
out with the cooperation of Dr. K. Billman of the Optics Laboratory of NASA Electronics
Research Center, Cambridge, Massachusetts.
G. D. Blum
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